Raman Spectroscopy is able to probe disorder in graphene through defect-activated peaks. It is of great interest to link these features to the nature of disorder. Here we present a detailed analysis of the Raman spectra of graphene containing different type of defects. We found that the intensity ratio of the D and D' peak is maximum (~ 13) for sp 3 -defects, it decreases for vacancy-like defects (~ 7) and reaches a minimum for boundaries in graphite (~3.5).
atomic-sized defects that introduce mid-gap states close to the Dirac point, have been identified as the major limitation of electron mobility for graphene deposited on substrates. 10, 11 On the other side, the control of the location of defects and their arrangement into ordered and extended structures allows making preparation of new graphene-based materials with novel properties. 12 Extended line defects could be used to guide charge as well as spin, atoms and molecules. 13 Defects also have strong influence on the chemical reactivity. 14 This makes defected graphene a prospective catalyst. 14 It is therefore of fundamental importance to be able to probe defects and to establish the precise nature of disorder.
Raman Spectroscopy is a well-established technique for investigating the properties of graphene. 15, 16 This technique is able to identify graphene from graphite and few-layers graphene and it is sensitive to defects, excess charge (doping), strain and to the atomic arrangement of the edges. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Raman spectroscopy is able to probe defects in graphitic materials because, along with the G and 2D (also called G', being symmetry allowed) peaks that always satisfy the Raman selection rule, the Raman-forbidden D and D' bands appear in the spectrum. 25 They are activated by a single-phonon inter-valley and intra-valley scattering process, respectively, where the defect provides the missing momentum in order to satisfy momentum conservation in the Raman scattering process. [26] [27] [28] [29] Graphene is an ideal material to study defects because its 2D-nature makes it easy to add, remove or move carbon atoms, i.e. to introduce only a specific type of defect, in contrast to graphite or carbon nanotubes. Graphene is then the perfect target to investigate the sensitivity of the Raman spectrum on the nature of defects and finally build up a complete theory linking the Raman peak intensities to the number and type of defects.
The study of the evolution of the intensities of the Raman peaks for increasing disorder has been recently reported for vacancies-type defects, [30] [31] [32] but no analogue experimental work has been done on graphene with other types of defects. Here we study the Raman spectrum of a large amount of defected graphene samples, where different type and amount of defects have been introduced. sp 3 -defects were introduced by fluorination and mild oxidation and compared to vacancy-like defects produced by Ar + -bombardment. [30] [31] [32] Pristine defected graphene produced by anodic bonding 33 were also analyzed. Note that little is known about defects produced by this method.
We will show that the evolution of the Raman spectrum for increasing disorder depends on the type of defect and this is reflected in the defect-activated Raman intensities. In particular, our results clearly show that the intensity ratio between the D and D' peak is able to probe the nature of the defects for moderate amount of disorder. We then applied our new finding to defected graphene produced by anodic bonding: we found that these samples mainly contain vacancy-like defects. Thus, defected graphene produced by anodic bonding is very different from graphene chemical derivatives obtained by partial fluorination or oxidation. This has been further confirmed by using Atomic Force Microscopy (AFM) in tapping and conductive mode.
Chemical derivatives obtained by partial oxidization, hydrogenation and fluorination of graphene were used to investigate sp 3 -type defects. Graphene samples were prepared by micro-mechanical exfoliation of single-crystal graphite flakes 34 (Nacional de Graphite LTDA) on Si/SiO x . Graphene flakes were placed in a purpose-built chamber where they undergo an inductively coupled plasma at RF of 13.56 MHz. 35 The plasma treatments were performed at a power of 10 W and a pressure of 0.1 Torr. The amount of defects was tuned by changing the treatment time (between 2s and 300s). A controlled flow of oxygen, dihydrogen and tetrafluoromethane inside the chamber enabled graphene partial oxidization, hydrogenation or fluorination, respectively. In addition, partial fluorination was realized on separate exfoliated flakes, using the technique described in Ref. 36 . Exfoliated flakes with no initial D peak were used.
Anodic bonding onto glass substrate 33 was used to prepare pristine graphene with defects.
The quality of such flakes depends on the deposition parameters-we purposely choose deposition parameters that yield flakes with high D peak. 33 Micro Raman measurements were performed with a confocal Witec spectrometer equipped with a 514.5nm (2.41eV) laser in backscattering configuration. We used a 100x objective giving a laser spot size of about 400nm. The laser power was kept well below 1mW to avoid damage or heating, which could induce desorption of the adatoms from graphene. The spectral resolution is ~ 3 cm -1 . The spectrometer is equipped with a piezoelectric stage that We used AFM to further investigate the nature and morphology of defects. Tapping mode AFM was used to study anodic bonded samples, while conductive AFM was utilized to gather information on defects in fluorinated and oxidized graphene. Topography and current images were obtained with Atomic Force Microscope Nanoscope Dimension V (Bruker) in contact mode with conductive Pt/Ir coated cantilevers PPP-CONTPt (Nanosensors). This technique provides information on local conductivity, and can be used to distinguish the patches of sp 3 carbon (typically insulating) within a perfect graphene matrix. 37 On the other side, in the highly disordered regime, the defects should be so close to each other and so many that the information about the geometry of the single defect should be lost. Thus, this regime needs further investigation.
Note that in some cases the integrated area (A) is used as intensity. It is then interesting to compare the evolution of I and A for increasing disorder. Figure 1 (b) shows that in Stage 1 both the Raman fit parameters follow the same evolution. Thus, in this range, the use of integrated area or amplitude is equivalent. This has been already observed for the G and the D peaks in ion bombarded graphene. 39 A difference is observed only in stage 2 because the decrease in intensity is compensated by an increase in the FWHM. 39 Here we show that this observation is also valid in the case of sp 3 type defects. Since our results mainly concern the low defect concentration range, in the following we will always refer to intensity as amplitude. Note that only a few works paid attention to the D' peak. 30, 42 In general this peak is not much studied because of its relatively small intensity compared to the D peak, i.e. often the peak appears just as a small shoulder of the G peak. However, at moderate defect concentration, the D' peak can be clearly distinguished from the G peak and it can have relatively large intensity (up to 1/3 of the intensity of the G peak). A few examples are provided in the Supporting Information.
It is now interesting to compare our results with recent ab-initio calculations which simulate graphene with specific type of defects. 29 In particular, three idealized defects have been simulated: i) hopping defects, produced by the deformation of the carbon-bond; ii) on-site defects, which describe out-of-plane atoms bonded to carbon atoms (namely sp 3 hybridization); iii) charged impurities, describing any charged atom or molecule adsorbed over the graphene sheet. These defects are not expected to give detectable D and D' peaks. 29 The calculations show that in Stage 1 hopping defects should have I(D)/I(D') ~ 10.5, while on-site defects should be characterized by I(D)/I(D') ~ 1.3. 29 Hopping defects should describe defected graphene containing vacancies, while on-site defects should describe sp 3 -defected graphene. However, experimentally, we found not only different numbers, but also that I(D)/I(D') should be larger for hopping defects than on-site defects. The discrepancy between theory and experiments can be attributed to the idealized description of defects in the abinitio calculations. It is well known, for example, that a real sp 3 -defect cannot be described as a on-site defect only. This defect is expected to have both on-site and hopping components since the out-of-plane bonding with the atom also introduces distortions in the crystal lattice. 36, 43 Furthermore, this type of defect is usually not isolated (as assumed in the ab-initio calculations), but it appears in form of dimers or clusters. The typical size of the holes is found to be ~80 nm, as can be seen in Figure 4 (b). an average current value obtained from the whole scan. The dark spots correspond to low conductivity areas while the bright spots showed high conductivity.
